ABSTRACT A polyclonal antibody was used to detect the expression of the homeodomain protein Lim1 (Lhx1) in embryos of Xenopus laevis, Engystomops randi, Colostethus machalilla and Gastrotheca riobambae. These frogs belong to four separate families, and have differences in their modes of reproduction and developmental rates. The expression of Lim1 in embryos of these frogs resembled the X. laevis expression pattern. Thus, the dorsal blastopore lip, axial mesoderm, pronephros and certain cells of the central nervous system were Lim1-positive in embryos of all frogs. There were, however, time differences; thus, in the mid-gastrula of the rapidly developing embryos of X. laevis and E. randi, the Lim1 protein was simultaneously detected in the prechordal plate (head organizer) and notochord (trunk organizer). In contrast, only the prechordal plate was Lim1-positive during gastrulation in the slow developing embryos of C. machalilla. The notochord elongated and became Lim1-positive after closure of the blastopore in C. machalilla and G. riobambae embryos. The prechordal plate of G. riobambae embryos could not be clearly detected, as the Lim1-signal remained around the blastopore during gastrulation. These observations indicate that the timing of gene expression at the dorsal blastopore lip in embryos of slow developing frogs differs from that of X. laevis. Moreover, the comparison shows that the developmental processes of the head and trunk organizers are basically separable and become dissociated in embryos of the slow developing frog, C. machalilla.
mesoderm of the gastrula and neurula (Taira et al., 1992 (Taira et al., , 1994a . The axial mesoderm derives from mesoderm that involutes along the dorsal midline, and consists of the prechordal plate, also known as head mesoderm, and the notochord, or mesoderm of the trunk (reviewed in Saxén, 1989) . In the early gastrula, Xlim1 is additionally expressed in the lateral and ventral regions of the prospective mesoderm (Taira et al., 1992 (Taira et al., , 1994a . In contrast with Xlim1, other genes are expressed either in the prechordal plate, or in the notochord. Thus, the homeobox genes goosecoid (gsc) and orthodenticle (Otx2) are expressed in the prechordal plate, and Brachyury (Bra) is expressed in the notochord of X. laevis embryos (Cho et al., 1991; Smith et al., 1991; Blitz and Cho, 1995; Pannese et al., 1995) .
An important developmental difference among frogs is the onset of dorsal ce movements in early embryos. In the rapidly developing embryos of X. laevis, ce begins in the mid-gastrula, and generates the concomitant elongation of the archenteron, notochord, and neural plate (Keller, 1975 (Keller, , 1976 Keller and Shook, 2004) . The notochord similarly elongates in the mid gastrula of the leiuperid frog Engystomops randi, suggesting that in this frog ce begins during gastrulation, as in X. laevis. . In contrast, the movements of ce begin once the blastopore has been closed in embryos of the frogs Gastrotheca riobambae and Colostethus machalilla, as detected by the expression of the protein Brachyury (Bra) in the notochord (del Pino, 1996; Benítez and del Pino, 2002; del Pino et al., 2007; . In the absence of ce, cells that involute during gastrulation remain in the blastopore lip. As a consequence, the blastopore lip enlarges, and forms a thick circumblastoporal collar (cbc) around the closed blastopore of these slow developing frogs (del Pino and Elinson, 1983; Moya et al., 2007) . Our understanding of the Spemann-Mangold organizer may be enhanced by the analysis of organizer genes in frogs with delayed elongation of the notochord.
Embryos of four different frogs were immunostained with a polyclonal antibody against the C-terminal region of the homeoprotein Xlim1. This antibody was previously used to detect the dorsal side in the early gastrula of G. riobambae, and the notochord and pronephros in embryos of other frogs (del . Embryos of the following frogs were analyzed: The marsupial frog G. riobambae (Hemiphractidae), the poison-arrow Immunoblot analysis. Lanes 1 through 3 are in vitro translated products, and lanes 4 and 5 are embryonic lysates. Lane 2, Xlim1DNK is the N-terminal LIM domain-deleted construct, Xlim1ΔNK (Karavanov et al., 1996) . (B) Whole mount preparation of the G. riobambae notochord. The rostral region is oriented towards the top. (C) Higher magnification of the Lim1 signal observed in B. (C') Nuclear staining of the image shown in (C). There is quenching of fluorescence in the Lim1-positive nuclei. Three Lim1-positive nuclei are indicated by arrows and a Lim1-negative nucleus by arrowheads in (C,C'). In this and the following figures, letters and numbers in the upper right hand corner indicate species and developmental stage. Cm, C. machalilla; Er, E. randi; Gr, G. riobambae; and Xl, X. laevis. Abbreviations: n, notochord. Scale bars: 200 μm (B); 25 μm (C-C'). frog C. machalilla (Dendrobatidae), also known as Epipedobates machalilla (Grant et al., 2006) , the foam-nesting frog Engystomops randi (Leiuperidae), and the aquatic frog X. laevis (Pipidae). These frogs differ in their reproductive modes, and rates of development. Thus, embryos of the marsupial frog, G. riobambae, develop very slowly, protected inside the dorsal pouch of the mother (del Pino, 1996) . The embryos of the dendrobatid, C. machalilla, develop in terrestrial nests, and have an intermediate developmental rate, in comparison with X. laevis and G. riobambae embryos (del Pino et al., 2004) . In contrast, the embryos of the leiuperid frog, E. randi, which are enclosed in a floating nest of foam, develop almost as fast as the X. laevis embryos (del Romero-Carvajal et al., 2009) . The time required from fertilization to the end of gastrulation is 14 days in G. riobambae, 4 days in C. machalilla, 24 hours in E. randi, and 14 hours in X. laevis (Nieuwkoop and Faber, 1994; del Pino, 1996; del Pino et al., 2004 . The comparative base line for our work is the molecular understanding of gastrulation and development in X. laevis (reviewed in de Robertis, 2006) .
Results
The specificity of the anti-Lim1 antibody Anti-Lim1 was produced against the highly conserved Cterminal region of the homeodomain protein Xlim1 from X. laevis. Immunoblot analysis was performed with in vitro translated products and embryonic lysates (Fig 1A) . Electrophoretic separation of these proteins by SDS-PAGE showed that the apparent molecular masses of in vitro-translated Xlim1, and the N-terminal Lim domain-deleted construct, Xlim1ΔNK (Karavanov et al., 1996) were higher than the calculated molecular masses: 50.5 kDa versus 44,933.97 Da for the wild type, and 46.4 kDa versus 37,918.82 Da for Xlim1ΔNK (Fig1A, lanes 2,3). The difference of apparent molecular masses of the wild type and Xlim1ΔNK (4.1 kDa) did not correspond to that of the calculated masses (7,015.15 Da), implying that both Lim domain A and the other part of Xlim1 protein affect its electrophoretic migration. Embryonic lysates showed three immunoreacted bands (Fig. 1A , lane 5), the lowest of which corresponds to the in vitro translated product of Xlim1 (50.5 kDa). The sizes of the other two bands are 51.7 and 53.2 kDa. The differences of these bands are 1.2 and 1.5 kDa, which are much smaller than the sizes of ubiquitin and SUMO, implying that other type of modifications, such as phosphorylation and methylation, may occur for the Xlim1 protein in the embryo. The presence of these three bands has also been shown in a previous study (Karavanov et al., 1996) . Although we could not detect a clear band(s) of the endogenous Xlim1 protein in uninjected embryos (Fig.1A , lane 4), the data showed that the antibodies specifically recognize the Xlim1 protein that is synthesized with an in vitro translated system, or in embryos injected with Xlim1 mRNA (Fig. 1A, lanes 3,5) . Moreover, our antibody labeled nuclei strongly in whole embryos of X. laevis, and other frogs (del .
A late gastrula of G. riobambae was immunostained for Lim1 to detect the location of the Lim1 signal in embryonic tissues. After immunostaining, the embryonic disk was dissected and counterstained with the fluorescent nuclear dye, Hoechst 33258. We observed that nuclei of the recently formed notochord were Lim1-positive (Fig. 1B ). When observed with fluorescence optics, the purple pigment of NBT/BCIP color reaction quenched the fluorescence of Hoechst 33258 in Lim1-positive nuclei. In contrast, nuclei that did not contain Lim1 protein were brightly fluorescent ( Fig. 1 C,C' ). Therefore, this antibody recognized the Lim1 protein distributed in cell nuclei of the G. riobambae notochord. It has been demonstrated previously that Lim1 is a transcription factor detected in cell nuclei (Karavanov et al., 1996) .
Lim1 protein in the dorsal blastopore lip
In the dorsal region of stage (st) 10.25 embryos of X. laevis, Lim1 mRNA was detected in surface and deep cells ( Fig. 2A) . Similarly, the protein Lim1 was detected in surface and deep nuclei of the X. laevis dorsal blastopore lip (Fig. 2B ). In addition, the prospective lateral and ventral mesoderm were Lim1-positive (not shown). A similar pattern was observed in the embryos of other frogs (Fig. 2 C-H) . There was, however, variation in the expression pattern, as mostly deep cells were Lim1-positive in embryos of X. laevis (Fig. 2B ) and G. riobambae (Fig. 2 G,H) , whereas surface and deep signals were detected in E. randi ( Fig.  2 C,D) and C. machalilla embryos (Fig. 2 E,F) . In addition, the first detection of Lim1 varied among frogs. The protein Lim1 was detected at st 10.25 in E. randi (Fig. 2 C,D) , and at st 10 in G. riobambae embryos (not shown) In C. machalilla embryos, in contrast, the protein Lim1 was first detected at st 11 ( Fig. 2 E,F) .
In st 10 embryos of G. riobambae, before formation of the dorsal blastopore lip, Lim1-positive nuclei formed a belt in the vegetal hemisphere. The area with the highest density of Lim1-positive nuclei was on the presumptive dorsal side (del . Once the blastopore was formed, a belt of Lim1-positive nuclei was detected in the blastopore lip (Fig. 2G) , with higher density of the Lim1-signal in the dorsal side (Fig. 2H ). This pattern was maintained until blastopore closure.
Distribution of Lim1 protein in the gastrula of rapidly developing frogs
We analyzed the distribution of Lim1 in the gastrula of the rapidly developing embryos of X. laevis and E. randi (Fig. 3 A,B) . In st 12.5 embryos of X. laevis, the Lim1 signal was detected in the dorsal mesoderm, with strong expression in the prechordal plate and notochord, as previously detected at the Xlim1 mRNA level (Taira et al., 1992) , (Fig.  3 A,A' ). The lateral and ventral mesoderm was Lim1-negative at this stage, although in earlier embryos Lim1 was distributed in these regions of the mesoderm. Similarly, in E. randi embryos of st 12.5, the Lim1 signal became restricted to the archenteron roof, marking the prechordal plate and notochord (Fig. 3 B,B' ). The archenteron is partially covered with endoderm in E. randi embryos of this stage, and the Lim1-positive prechordal plate is exposed in the archenteron roof (Fig. 3B') .
Distribution of Lim1 protein in the gastrula of slow developing frogs
The protein Lim1 was detected in the prechordal plate of the C. machalilla gastrulae. In st 12-12.75 embryos, only the anterior region of the archenteron roof was Lim1- positive, marking the prechordal plate (Fig. 4 A,B) . In contrast, the blastopore lip region was Lim1-negative (Fig. 4 A',B' ). The notochord was not detected during gastrulation in embryos of C. machalilla (Fig. 4 A' ,B'), as it develops after closure of the blastopore (Benítez and del Pino, 2002) .
In G. riobambae embryos of st 12.75-13, a belt of nuclei around the blastopore lip was Lim1-positive, with a higher density in the dorsal region (Fig. 4 C,D) . This pattern resembled expression in the dorsal blastopore lip and prospective lateral and ventral mesoderm of st 10.5 embryos of X. laevis (Fig. 2 A,B) . The prechordal plate was not clearly recognized in G. riobambae embryos. It is likely that the prechordal plate may locate toward the dorsal side, in the vicinity of the blastopore (Fig. 4 C,D) , as Lim-1 positive cells remain in the blastopore lip area during gastrulation (Fig. 4D) . Analyses of other prechordal plate markers, such as gsc, are needed to clearly determine the location of the prechordal plate in G. riobambae embryos. In G. riobambae and C. machalilla, elongation of the notochord is delayed until after blastopore closure. In contrast, the notochord elongated during gastrulation in embryos of X. laevis and E. randi (Fig. 3  A,B) .
Distribution of Lim1 protein in the late gastrula and older embryos
Lim1-protein was detected in the prechordal plate and notochord in the late gastrula of X. laevis (Fig. 5 A,A' ), E. randi (Fig. 5  B,B' ), and C. machalilla (Fig. 5 C,C' ). In contrast, in st 13 embryos of G. riobambae, the notochord was not yet visible, and the Lim1 signal was restricted to the small embryonic disk (Fig. 4 C,D) . In slightly older embryos of G. riobambae, the notochord elongated (Fig. 5D) , and Lim1-positive nuclei became restricted to the notochord. The prechordal plate was not observed, as by the time of notochord elongation, the Lim1-signal disappeared from other regions of the embryonic disk (Fig. 5 D',D'' ).
The protein Lim1 was detected in the pronephros, and in some cells of the cns in X. laevis (Fig. 6A-A' ), E. randi (Fig. 6 B,B' ), C. machalilla (Fig. 6 C,C') , and G. riobambae (Fig. 6 D,E) advanced embryos. This pattern is comparable with that of Xlim1 mRNA expression in embryos of X. laevis (Taira et al., 1994a) . Embryos of G. riobambae had a different timing of development; thus, the Lim1-signal was absent from cells of the cns in neurula stage embryos, and was detected at a later stage, in contrast with embryos of other frogs (Fig. 6 A' ,B',C',E).
Discussion

Expression of the Lim1 gene is conserved
Lim1-protein distribution in the blastopore lip, notochord, pronephros, and cns cells in embryos of different frogs (Fig. 5, 6 ) is equivalent with the expression of Xlim1 mRNA in X. laevis embryos (Taira et al., 1994a) . The observed similarities may derive from conserved Lim1 developmental pathways in different frogs. Expression of Lim1 in the notochord, pronephros, and cells of the cns occurs also in rat and mouse embryos, indicating that gene Lim1, and its molecular interactions are conserved in the development of different vertebrates (Karavanov et al., 1996) .
Organizer development in different frogs
The expression of Xlim1 in the blastopore lip of X. laevis embryos marks the prospective axial, lateral, and ventral mesoderm (Taira et al., 1992 (Taira et al., , 1994a . A similar distribution of Lim1 protein occurs in the early gastrula of other frogs (Fig. 2) . Therefore, it is likely that Lim1 protein marks, not only the dorsal, but also the lateral and ventral prospective mesoderm in the early gastrula of X. laevis, E. randi, C. machalilla and G. riobambae. Duplication of the dorsal axis by transplantation of the dorsal blastopore lip, and by ectopic expression of Lim1 in the ventral side should be tested experimentally in embryos of these frogs. In addition, analyses of cell fate, and of the morphogenetic movements of ce in embryos of different frogs are needed to complement this study.
The expression of Xlim1 in the prechordal plate and notochord reveals that the head and trunk organizers are juxtaposed in the mid-gastrula of X. laevis (Fig. 3 A,A'; 7 A,B) , (Taira et al., 1997) and E. randi (Fig. 3B,B' ). In contrast, only the prechordal plate developed in embryos of C. machalilla during gastrulation (Fig. 7C). By the time of blastopore closure, the Lim1 signal weakened in the prechordal plate (signaled in gray in Fig. 7C ), whereas the newly elongated notochord became strongly positive for Lim1 (Fig. 7C) . The separation of head and trunk organizers observed in C. machalilla embryos may relate to the slow rate of development of this frog.
In contrast with Xlim1, the gene XBra is not expressed in the prechordal plate. Xbra mRNA is expressed in the mesoderm of the trunk, and notochord of the X. laevis gastrula (Conlon et al., 2001; Gont et al., 1993; Smith et al., 1991) , (Fig. 7B) . In the slow developing embryos of C. machalilla, and G. riobambae, two Brasignals developed around the blastopore (Fig. 7 C,D) . The early signal was superficial around the blastopore (indicated by dots in Fig. 7 C,D) , and may associate with blastopore closure, as in X. laevis and other organisms (Technau, 2001; Marcellini et al., 2003) . A late Bra-signal was detected in deep regions of embryos with a closed blastopore, marking the notochord and the mesoderm of the trunk (Benítez and del Pino, 2002; del Pino, 1996) , (Fig. 7 C,D) . The observed variation indicates that aspects of dorsalization, such as ce, can be shifted to the end of gastrulation, and emphasize the modular character of frog gastrulation (Ewald et al., 2004; Moya et al., 2007) . The delayed pattern of notochord elongation detected in slow developing frogs by the expression of Lim1 and Bra may associate with delay in the onset of the planar cell polarity pathway and ce, as in X. laevis embryos these processes are downstream of XBra (Conlon and Smith, 1999; Kwan and Kirschner, 2003; Smith, 1999; Tada and Smith, 2000) .
The head and trunk organizers of X. laevis embryos differ in cell behavior and gene expression. Cell migration is confined to the prechordal plate and to the anterior neural plate, whereas ce directs the formation of the notochord and patterning of the trunk (Taira et al., 1994a; Winklbauer, 1990; Hukriede et al., 2003; Kwan and Kirschner, 2003) . These cellular behaviors are associated with different patterns of gene expression in the head and trunk organizers (reviewed in de Robertis, 2006; Niehrs, 2004) . Similarly, different mechanisms may control the separate occurrence of head and trunk organizers in embryos of frogs with slow development. Our analysis suggests that the dorsal lip of the blastopore has a different schedule of gene expression in frogs that develop more slowly than X. laevis.
Materials and Methods
Culture of embryos and staging
Embryos were maintained as previously described (Benítez and del Pino, 2002; del Pino et al., 2004 del Pino et al., , 2007 . Embryos of E. randi were donated by L. A. Coloma and collaborators. Gastrulae of all frogs were staged according to the X. laevis normal table of stages until st 14 (Nieuwkoop and Faber, 1994) . After st. 14, the C. machalilla and Engystomops tables of stages were used (del Pino et al., 2004; Romero-Carvajal et al., 2009) . Embryos of G. riobambae were staged according to a general staging table for anurans (Gosner, 1960) . The collection localities are given in del . Some adults of G. riobambae were purchased from Hyla, Quito, Ecuador. The authorization 016-IC-FAU-DNBAP-MA from the Ministry of the Environment, Ecuador allowed the collection of frogs.
Preparation and characterization of anti-Lim1 antibody
The conserved C-terminal region (amino acids 275 -403; Swissprot accession no. P29674) of the X. laevis homeodomain protein Lim1 was fused to glutathione S-transferase (GST-Lim1C), and injected into rabbits for the production of antibodies. Anti-Lim1 antibody was affinity-purified with a GST-Lim1C coupled to CNBr-activated Sepharose 4B column. Immunoblot analysis was performed with in vitro translated products and embryonic lysates. The Xlim1 protein and its N-terminal Lim domaindeleted construct, Xlim1ΔNK (Karavanov et al., 1996) , were synthesized using the reticulocyte lysate TNT system (Promega) with no DNA or plasmid DNA (1 pg DNA per reaction). Embryonic lysates were prepared at the early gastrula stage from uninjected embryos or from embryos that were injected at the two cell stage with 100 pg of Xlim1 mRNA per embryo.
Whole mount immunostaining and in situ hybridization
The immunostaining procedure was modified for frog embryos of large See the following articles for the pattern of Bra expression in different frogs (Smith et al., 1991; Gont et al., 1993; del Pino, 1996; Benítez and del Pino, 2002) . Abbreviation: pl, plate.
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size (Hemmati-Brivanlou and Harland, 1989; Benítez and del Pino, 2002) . The embryos were fixed in MEMFA buffer (Harland, 1991) for 2.5 hr at room temperature and stored in methanol at -20°C until processing. Fixed embryos were equilibrated in dimethyl sulfoxide and methanol (1:1) for 24 hrs at -20°C, and incubated for 30 min in 10 % Triton X-100 at room temperature. Nonfat milk (5 %) was added to the blocking reagent and antibody dilutions to prevent the non-specific union of the antibodies. Embryos were incubated for 2-3 days at 4°C with a 1:250 dilution of the anti-Lim1 antibody. The secondary antibody was sheep anti-rabbit IgG conjugated to alkaline phosphatase (Boehringer Mannheim GmbH, Mannheim, Germany). Embryos were incubated overnight with a 1:500 dilution of the secondary antibody. Embryos were washed extensively over a period of about 12 to 24 hr at 4°C after incubation with each antibody. The presence of the bound secondary antibody was detected with NBT/BCIP color reaction. After immunostaining, embryos were post fixed in Smith's solution B (200 ml formaldehyde 37%, 50 ml glacial acetic acid, and 750 ml H 2 O) to stabilize the color reaction. Some embryos were bleached in 1 % H 2 O 2 , 5 % formamide and 0.5 x standard saline citrate for 1 hr (Mayor et al., 1995) . Thick sections of immunostained embryos were produced with a Vibratome 1000 (Technical Products International, Inc., St. Louis, MO) as previously described . The sections were dehydrated in methanol and transferred to benzyl benzoate/benzyl alcohol 2:1 and mounted. To detect cell nuclei, some embryos were counter-stained with Hoechst 33258 (Sigma-Aldrich, St. Louis, MO, USA), mounted in glycerol, and examined with fluorescent optics.
Whole mount in situ hybridization was performed according to Harland (1991) . The Xlim1 digoxigenin RNA probe was previously described (Taira et al., 1992) .
